The present investigation focuses on the improvements in chemical homogeneity and related powder properties of partially alloyed Fe 1.50Cu1.75Ni0.50Mo powder by using a nanopowder process. The nanosized oxide powders of CuONiOMoO 3 were prepared by ballmilling for the alloying elements and blended with iron powders. The powder mixture was annealed in a reducing atmosphere, in order to reduce the oxide powders and thereafter partially alloyed with the iron powder. The produced powder was used to evaluate the microstructure, chemical composition, compressibility, and sinterability. It was found that the powder had a uniform distribution of alloying elements with high compositional homogeneity. The fine alloying elements were mostly located in the grooves of the iron powder surface, yielding morphological change, which effectively improved the flow, packing and compaction properties of the powder. The nanopowder process also promoted a diffusion reaction during sintering at 1200°C for 2 h with a homogeneous microstructure and chemical composition.
Introduction
There has been continual improvement of ferrous powder metallurgy (P/M) over the past three decades as this technology is competitive in cost compared with stamping, machining, casting, forging, or other metal working technologies. 13) Generally, about 80% of ferrous powder is used in applications of P/M parts with automotive applications taking the lead in the powder metallurgy industry. 2, 3) In manufacturing such products, technological advancements have been demanded in terms of alloying methods, binders, and lubricants. In order to obtain the desired mechanical properties, powder mixtures with at least one other alloying elemental powder such as graphite, copper, nickel, or molybdenum are used. However, the resulting powder mixtures are susceptible to segregation during mixing or handling due to the different sizes, shapes and densities of the powders. 4) This segregation leads to compositional variations of the green compacts, causing varying dimensional changes during sintering. As a result, inhomogeneous microstructures and mechanical property degradation of the final products can occur. 5, 6) To overcome these problems, many efforts have been paid to the design of alloying methods for ferrous materials with low risk of segregation while retaining high compressibility. 2, 7, 8) In particular, diffusion alloying is a technique that has been developed to alleviate the segregation problem by thermally bonding alloying elements to the surface of iron powders.
911) Due to partial diffusion of the alloying elements into the iron powder, the high compressibility of the base powder is retained. However, inhomogeneous alloying and microstructure are still present in the powders and the assintered parts, especially in the chemical composition. This is generally due to the insufficient diffusion and different diffusion rates of the alloying elements. 12) Recently, Lee et al. 1316) have reported a breakthrough technology for fabrication of P/M components using metal nanopowders produced by hydrogen reduction of ball-milled metal oxides. The target of the previous works was to investigate and create new P/M applications of metal nanopowders. However, the creation of such new nanopowder P/M application is still impractical because of its high cost, difficulty in handling, and lack of mass production capability. 15) To solve this problem, instead we suggested a breakthrough technology to upgrade the performance and application of conventional P/M by using nanopowders. As the first case study for this purpose, thus, we investigated how to upgrade the properties of a conventional P/M steel system of Fe1.50Cu1.75Ni0.50Mo by using nanopowder process. The processing concept suggested in this study is illustrated in Fig. 1 . It differs from the conventional process by the addition of each alloying element ( Fig. 1(b) ).
7) Fe 1.50Cu1.75Ni0.50Mo powder is prepared by a reduction of a mixture of Fe and nanoscale oxide powders of CuO NiOMoO 3 in a hydrogen atmosphere ( Fig. 1(a) ). As depicted in the schematics, the nanopowder process has the following positive effects: the morphological change of the (a) (b) Fig. 1 Design concept of partially alloyed iron powder fabrication: (a) this study and (b) conventional.
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iron powders due to favorable locations of the nanopowders in the grooves of the powders, and strong adhesion of the homogeneous alloying powders during the reduction process. These two properties are thus presumed to improve the powder compressibility and chemical homogeneity. In this study, Fe1.50Cu1.75Ni0.50Mo powder is produced by the nanopowder process described, and its powder characteristics of compositional homogeneity, compressibility and related sintering properties are investigated in comparison with commercial powders.
Experimental Procedure
To fabricate partially alloyed Fe1.50Cu1.75Ni0.50Mo (mass%) steel powder, a commercially available iron powder (Fig. 2, ASC100 .29, Höganäs, Sweden) with an average particle size of 20180 µm was used as the base iron powder for this study. 7) CuNiMo nanosized oxide powders were prepared by ball-milling the oxide powders of CuO (99.9%, D 50 = 4 µm), NiO (99.9%, D 50 = 7 µm), and MoO 3 (99.9%, flake type). Ball-milling was carried out in a high energy SPEX mill (Spex Industries 8000 M Spex Mixer/Mill) at a speed of 1060 cycles/min for 1 h. The oxide mixture was composed at a weight percent of 1.88 for CuO, 2.23 for NiO and 0.75 for MoO 3 with regard to the stoichiometry of the final products (Fe1.50Cu1.75Ni0.50Mo) after heat treatment in a hydrogen atmosphere. The ball-milled oxide powders were mixed with an organic binder in an ethyl alcohol medium using a tubular mixer. After the binder mixing, the powder mixture was dried at 60°C for 12 h and sieved down to powder agglomerates smaller than 45 µm (sieve size, 325 mesh), and then blended with iron powder using a tubular mixer for 2 h.
After blending, the powder mixture was subjected to heat treatment in a hydrogen atmosphere, which provided not only a reduction process of the oxide powders but also an alloying process among the alloying elements and their subsequent partial-diffusion into the iron powder. A thermogravimetry analysis (TGA, Ulvac TGD-9600) was conducted in a hydrogen atmosphere (H 2 , 99.999%) under a heating rate of 10°C/min in order to determine the optimal temperature for the reduction and alloying of the oxide powders, 1719) as shown in Fig. 3 . It was found that the weight loss associated with hydrogen reduction started slowly at about 200°C, followed by faster loss which was completed at about 700°C. The total weight loss was 22.80% in agreement with the theoretical weight loss of 22.76%. It is evident that the oxide mixture was completely reduced while heating up to 700°C. Based on the TGA result, the heat treatment condition was optimized to 700°C for 1 h in H 2 atmosphere. A phase analysis of the produced powder was performed by X-ray diffraction (XRD, Rigaku D/MAX-2500/PC) using a Cu K¡ target at a scanning speed of 4°/min. The morphology and composition of the powder were examined by using SEM-EDS. A field emission scanning electron microscope (SEM, Hitachi S-4800) equipped with an EDS system (Horiba EMAX mics) was used for this analysis. The ICP measurement (Spectro Arcos ICP-AES) was performed for the quantitative analysis of the alloying elements in order to evaluate the compositional homogeneity of the powder. The measurements were repeated 9 times, and an approximately 200 mg sample was randomly selected from the powder for each measurement.
The flow rate and apparent density of the powder were measured by a hall flow meter according to ISO 4490 and ISO 3923, respectively. The compressibility measured the density of the powders under an applied pressure range from 300 to 800 MPa using a cylindrical mold of 10 mm in diameter. Sintering was carried out in a tube type furnace in H 2 atmosphere at a sintering temperature of 1200°C for 2 h. The green density was determined by the geometric method, and the density of the sintered samples was evaluated using Archimedes' method in distilled water. The microstructure of the sintered samples was observed by SEM, and an electron probe microanalyzer (EPMA, Shimadzu EPMA-1720) was used to investigate the distribution of the alloying elements. The pore size was measured with the linear intercept method 20) from SEM micrographs of the sintered samples by counting approximately 500 pores on each sample.
For comparison, a commercial powder 7) with the same chemical composition of Fe1.50Cu1.75Ni0.50Mo was also used to evaluate its flowability, compressibility, and sintering properties under the same conditions. Figure 4 (a) shows the SEM micrographs of the oxide mixture after ball milling for 1 h. The average particle size and agglomerate size were estimated to be 100500 nm and 510 µm, respectively. The oxide mixture was then blended to have a final composition of Fe1.50Cu1.75Ni 0.50Mo in mass%. Figure 4(b) indicates that the fine oxide mixtures are uniformly located on the surface of the Fe powders. Figure 5 shows the microstructure and phase composition of the powder mixture after hydrogen reduction at 700°C for 1 h. It can be seen that the fine alloying elements are uniformly distributed on the surface of the Fe powder ( Fig. 5(a) ). The XRD patterns of Fig. 5(b) identify the phase change occurring during the heat treatment. It follows that the oxide powders were completely reduced, and the reduced copper, nickel, and molybdenum powders were partially alloyed with the iron powder and, to some extent, partially alloyed with each other during the heat treatment.
Results and Discussion
Powder characteristics
21) The EDS mapping result of Fig. 6 supports the uniform distribution of the alloying elements on the surface of the iron powder, which were mostly located along the grooved surface of the iron powder.
The quantitative chemical composition of alloying elements in the powders measured by ICP analysis is listed in Table 1 . The compositions of the Cu, Ni, Mo elements in the powders of this study are much closer to the target composition with a smaller compositional deviation compared to that of the commercial powder. The compositional homogeneity of the present powders with a small deviation and no segregation basically results from two factors: geometrical homogeneity and enhanced reaction of the nanosized oxide-and reduced metal alloying powders. As depicted in the schematic in Fig. 1 , the present powder mixture of iron and alloy oxides is advantageous for the homogeneous distribution of the oxide nanopowders, which are favorably located in the grooves of the iron powder surface as confirmed in Fig. 4(b) . Such oxide nanopowders undergo an enhanced diffusion reaction during the reduction process, as a consequence leading to strong adhesion of the fine alloying elemental powders and alloyed powders to the iron powders as clearly seen in Fig. 5(a) .
In terms of the technological aspect, the binder-treated process of alloying elements is also thought to suitably enhance adhesion between the alloying powders and the iron powders by interfacial interaction. 22) In particular, during the heat treatment, the binder melted and acted as adhesive interlayer between the fine alloying powders with large surface area and the iron powders, leading to their improved physical bonding. As a result, the approach in this study contributes more efficiently to improvements in chemical homogeneity without segregation during the blending, transport and handling of the powder mixture compared to conventional processes.
7)
Compressibility
The P/M parts with desirable shapes are formed by compaction. Therefore, the compaction behavior of the powders is an important characteristic. 1, 23) Figure 7 shows the green density of the powders plotted against the applied pressure, indicating the compressibility of the powder. As seen in this figure, the produced powder obtained higher green densities compared to the commercial powder under the same compaction conditions. It is intuitive that such a particle structure relating to the flow and packing properties is responsible for such improvement of the compressibility. 23) Generally, irregular-shaped particles have poor flow and packing properties due to their surface asperity. Furthermore, the sharp corners of the particles are a source of friction between the particles that inhibit flow and packing during die filling. Table 2 represents these two properties of the flowability and the apparent density of the powder. The produced powder clearly has higher values of both properties than the commercial powder. This result supports the achievement of improved compressibility as described above. This improvement was mainly attributed to the morphological modification throughout the adhesion of the fine alloying elements to the rough surface of the iron powders, as shown in Fig. 1(a) . Generally, in the manufacturing of commercial partially alloyed powder as shown in Fig. 1(b) , 7) alloying powders with 520 µm in size are diffusion-bonded at the outer surface of iron powders. This sometimes leads to lump formation in the powder, which causes the increase of surface asperity. In this study, on the other hand, the fine alloying elements were preferably located at the surface groove of the iron powders, thereby preventing lump formation in the powder ( Fig. 5(a) ). This morphological improvement permits an increase in the powder flowability to promote planar sliding of one internal surface of particles over another. 1, 24) The improved flowability of the powder is also indicative of the increased apparent density which leads to generation of more point contacts yielding better packing and homogeneity. 1, 23) In short, the use of nanopowders for the alloying elements in this study effectively influences better powder flow and higher apparent density, and consequently improves the compressibility of the powder.
24)
Microstructures and distribution of the alloying
elements in the sintered parts To investigate the sintering properties of the partially alloyed iron powder, the produced and commercial powders were compacted to 600 MPa, and subsequently sintered at 1200°C for 2 h in H 2 atmosphere. Figure 8 shows the microstructure and pore size distribution of the powder samples. The sintered density for the produced powder was 7.34 © 10 3 kg/m 3 , corresponding to 93% of the theoretical density (TD), whereas the commercial powder had a lower density of 7.27 © 10 3 kg/m 3 (91%TD). Such a discrepancy in the sintered density can basically be attributed to the different green density in both powders.
In terms of the structural characteristics of the powders, the improved flowability and apparent density of the produced powder increased the packing homogeneity as well as the contact points between the powders during compaction, which as a consequence leads to homogeneous densification during sintering. 1, 25) This argument turned out to be reasonable for the result of the sintering experiment. Figure 8 clearly discloses that the produced powder of this study (a) forms strong powder necking compared to the commercial powder (b) during sintering. Another important sintering feature of the powder is presumably found by a comparison of the pore size distribution, as shown in Fig. 8(c) . The sintered part of the produced powder consists of the fine pore structure of the average size of 7.57 µm with a narrower size distribution than that of the commercial powder (average pore size of 12.07 µm). This result implies that the produced powder sample has very regular pore channels, indicating good homogeneity of the pore structure. 25) The homogeneous microstructure of the produced powder might be influenced by the uniform distribution of the fine alloying elements. It is anticipated that such a uniform distribution of the fine alloying elements not only decreases the diffusion path between the particles 26) but also increases the number of grain boundaries acting as high diffusion paths for atomic diffusion during the sintering process. 27) In particular, the uniform distribution of fine copper powders effectively enhances pore elimination by penetration of the Cu melt into the interparticle pores during sintering at 1200°C higher than the melting point. 25, 28) The spatial homogeneity of the alloying elements in the sintered part is a good measure for determining the quality of the powder making process. Figure 9 compares the chemical homogeneity of (a) the commercial powder and (b) the produced powder samples after sintering at 1200°C for 2 h. It was found that the alloying elements of Cu, Ni, and Mo were segregated in the commercial powder sample. In particular, the elemental Ni powders formed a Ni-rich area near the surface since the diffusion rate of Ni in Fe is lower than other alloying elements, such as C, Cu, and Mo. 29) Also, the distribution of Cu was not completely uniform but it was homogeneous as compared to that of Ni because the liquid Cu spread along the surface of the Fe powders and diffused inward during the sintering process.
30) The content of the alloying elements in the rich areas ( Fig. 9(a) ) was 3.25 mass% Cu, 4.36 mass% Ni, and 1.18 mass% Mo respectively, which was quite different from the target composition. This shows quantitative evidence for segregation of alloying elements in partially alloyed iron powder.
In contrast, the produced powder sample of Fig. 9 (b) reveals a very uniform distribution of the alloying elements throughout the matrix. Furthermore, the content of Cu, Ni, and Mo was determined to be about 1.75, 1.98 and 0.47 mass%, respectively, which was very close to the target composition of 1.50Cu1.75Ni0.50Mo. It is notable here that the deviation of the measured composition data is much less than the commercial powder, indicating a higher reproducibility. Intuitively, such an outstanding chemical homogeneity of the sintered part of the produced powder is attributed to the compositional homogeneity of the initial powder mixture. With the nanosized alloying powders, the formation of FeCuNiMo during heat treatment was Fig. 9 The EPMA mappings of Cu, Ni, and Mo in the sintered parts of the partially alloyed iron powders: (a) produced powder and (b) commercial powder. enhanced as described above. 21, 26, 27) This nanopowder effect was presumed to offer the stable chemical homogeneity of the alloy. 31) As a result, the addition of fine alloying elements in this study can effectively minimize the risk of segregation and improve the microstructural homogeneity. It is also expected to improve the mechanical properties of the partially alloyed iron powder. Further work on this subject is now under way.
Conclusions
In this study, partially alloyed Fe1.50Cu1.75Ni0.50Mo powder was fabricated by a nanopowder process. Our method effectively improved the chemical homogeneity, microstructure, and related powder properties. The representative results are summarized as follows:
(1) The nanosized oxide powders of CuONiOMoO 3 were prepared for using alloying elements. During heat treatment in a hydrogen atmosphere, the oxide powders were reduced and partially diffused into the surface of the iron powders. The produced powder had a uniform distribution of alloying elements with high compositional homogeneity due to the enhanced diffusion reaction of the nanopowders. (2) The fine alloying elements were preferably located in the grooves of the iron powder surface. This yielded the morphological modification of the powder, which effectively improved the flowability and apparent density of the powder, as well as its compressibility. Furthermore, the improved powder properties increased the packing homogeneity, which significantly influenced homogeneous densification during the sintering process. (3) When 1200°C sintering was employed, the produced powder sample achieved not only higher densification than that of the commercial powder but also more homogeneous microstructure and pore distribution. Furthermore, the chemical homogeneity of the alloying elements was further improved. These improvements were due to the uniformly distributed fine alloying elements in the matrix, offering fast diffusion paths for the atomic diffusion during the sintering process.
